The study of evolutionary processes is necessarily retrospective, but past pathways can lull us into imagining that future changes will generally follow the same trajectory. The arms races between pathogens and drugs provide a particularly useful window to view these events in relatively short time frames. In PNAS, Pelleau et al.
(1) provide an excellent demonstration of these selective changes. Their paper details an unexpected mechanism by which Plasmodium falciparum malaria parasites responded to the pressure of antimalarial medicines in French Guiana. Their analysis combines long-term surveillance of the parasites in the field with genomic analysis and precise editing of the gene involved to demonstrate interesting twists that organisms use to evade existential threats.
Pelleau et al.'s (1) study focuses on the response of P. falciparum to chloroquine, a synthetic antimalarial introduced just after World War II (2). Chloroquine was intensively used throughout malaria-endemic regions and chloroquine-resistant populations emerged and spread during the 1970s and 1980s in South America (3), Asia, and Africa (4). The major determinant of chloroquine resistance is the pfcrt gene that encodes a 424-amino acid integral membrane protein, PfCRT, a transporter present in the parasites' digestive vacuole membrane (see ref.
2). All of the resistant parasites carried a pfcrt allele encoding a distinctive set of amino acids in positions 72-76 and all shared a crucial change from lysine to threonine at amino acid position 76 (5, 6). Direct comparison of DNA sequences flanking the pfcrt gene demonstrated that emergence of chloroquine-resistance alleles was rare, but parasites that carried one specific allele had spread very widely from origins in Asia to Africa (6) . Old World P. falciparum parasites shared a resistant PfCRT with amino acid sequence CVIET (cysteine, valine, isoleucine, glutamic acid, and threonine) at positions 72-76 (6) . South American parasites evolved resistance independently, but carried the crucial K76T change; the 72-76 residues were variations on SVMNT (serine, valine, methionine, asparagine, threonine) (3). The K76T mutation was adopted as a molecular marker of chloroquine resistance to distinguish between chloroquine-sensitive (K76) and chloroquineresistant parasites (76T) (7) . This molecular marker was widely used to map the spread of chloroquine resistance in endemic regions. In 1993, Malawi replaced chloroquine with an unrelated antimalarial, Fansidar. Retrospective molecular analysis of Malawian parasites documented a precipitous decline in the prevalence of the Old World pfcrt allele, CVIET, from 85% in 1992 to 13% in 2000, and eventually close to zero (8) . The change was not caused by reversion of 76T to K76, but by replacement of parasites that carried the CVIET allele with parasites encoding a "wild type" chloroquine-sensitive CVMNK (9) . Replacement of mutant parasites by the wild-type conformed to a popular assumption: drug-resistant parasites are less fit than susceptible ones and susceptible parasites will return after drug pressure is removed. In French Guiana, a far more interesting evolutionary process has occurred. Over the last two decades as chloroquine use decreased, a novel mutation emerged in the original drug-resistant population. Chloroquinesensitive descendants that carry the original SVMNT genotype plus a single new mutant amino acid at position C350R in the pfcrt gene now predominate.
The Institut Pasteur de la Guyane, led by Lise Musset and Eric Legrand, first uncovered the phenotype change from chloroquine resistance to susceptibility. The Institut Pasteur has operated in French Guiana since 1940 and the team capitalized on the long-term sample archive of the Institut, using an in vitro laboratory assay (10) to assess chloroquine susceptibility of more than 1,000 isolates collected between 1994 and 2012. Comparing these data to results measured from isolates collected between 1983 and 1987 (11) revealed that highly resistant parasites prevailed until about 1999. However, when chloroquine treatment was no longer recommended for P. falciparum malaria the level of resistance fell sharply, and plummeted after introduction of artemisinin combination therapies in 2002 (12, 13) . Pelleau et al. (1) assessed the genotypes of more than 1,000 of these chloroquine-susceptible isolates: all parasites still retained the ancestral SVMNT "chloroquine-resistant" genotype! To probe this discordance between the genotype and phenotype of the parasites, Sarah Volkman and Dyann Wirth (Harvard University), and Dan Neafsey (the Broad Institute), determined the full genome sequence of more than 50 recently collected Guianan parasites. A single nucleotide polymorphism encoding the nonsynonymous mutation C350R was the only highly significant variable distinguishing chloroquine sensitive parasites with the SVMNT genotype (14, 15) (Fig. 1) . Fig. 1 . Predicted 3D structure of Plasmodium falciparum PfCRT. The novel C350R mutation (yellow) is proximal to both the molecular marker K76T (red) and the edge of the parasite digestive vacuole; the PfCRT background mutations C72S, A220S, N326D, I356L are also in predicted membrane spanning helices (green residues) (14, 15). The last piece of the puzzle was delivered by David Fidock and Stan Gabryszewski (Columbia University) (1). Using direct gene editing, these researchers demonstrate that chloroquineresistant parasites carrying the SVMNT signature became chloroquine-sensitive with the sole addition of the 350R mutation. The reverse transformation, changing 350R back to C350, restored the chloroquine-resistant phenotype.
PfCRT is an intrinsic membrane protein and its major role in mediating responses to antimalarials has been intensively studied (16) . Fig. 1 shows the four other changes within the predicted membrane-spanning domains of the pfcrt gene that were in the gene when the parasites were chloroquine-resistant. In this study, the authors demonstrate that parasites carrying the compensatory 350R change had significantly lower resistance to five currently used antimalarials (1). One exception was piperaquine; mutants carrying the 350R change were more resistant to this drug, suggesting a PfCRT-mediated response. Pelleau et al.'s (1) work also provides important insights relevant to public health. The evolution of resistance to antimalarials has been a major public health challenge in the past (17) and remains so currently (18) . P. falciparum and its compact 23-Mb genome (19) has served as a model system facilitating the development of genetic and genomic tools for clinical, molecular, and epidemiological investigations of antimalarial resistance (see for example, refs. [20] [21] [22] . These tools have been elegantly applied here (1) and demonstrate the potential for further understanding contemporary patterns of drug resistance in other eukaryotic pathogens.
Pelleau et al.'s (1) study suggests that the compensatory addition of the 350R amino acid to the SVMNT chloroquine-resistant parasites caused a loss of their resistance to chloroquine but a gain of some resistance to piperaquine. Relatively low malaria transmission leading to limited genetic diversity of the parasite populations, coupled with profligate misuse of antimalarials, characterize the selective environment of the Guiana Shield region in which these parasites evolved (23) . Similar elements are implicated in selection of antimalarial-resistant parasites in Southeast Asia (24) , and this information may aid in better understanding of the piperaquine failure observed there recently (25) . Identification of the common selective forces at work may aid in identifying similar regions where new foci of resistance may emerge and expand.
This compensatory mutation pathway would not necessarily be viewed as a surprise in other pathogenic organisms (26) has been explored in laboratory studies of malaria as well. However, this comprehensive study (1) based on changes in parasite populations in the field, coupled with the history of drug use and social changes that impact drug selection, sets a foundation and a standard. In the future, when surveillance studies reveal that the prevalence of molecular markers appears discordant with antimalarial response, compensatory mutations will be considered.
Finally, Pelleau et al.'s (1) work illustrates the power of collaborations among groups with complementary skills. The field studies of the parasites alone would have been interesting, but could have remained a curiosity without the detailed genomic characterization of the emergent chloroquine-sensitive population pinpointing a potential mechanism. Demonstrating that the newly identified C350R mutation was sufficient to explain the seemingly discordant chloroquine response confirmed that the new genotype was indeed responsible for the phenotype measured in the laboratory and also in isolates from the jungles of French Guiana.
In addition, the archive of the Institut Pasteur de la Guyane provided the foundation for this very modern study. Long-term samples and data archives are required in any study attempting to understand the pace and trajectory of genetic changes underpinning a current situation. Such archives also preserve the local knowledge embedded in the metadata and, as illustrated here, can be the key to understanding the forces influencing the observed changes. Highlighting the key role of long-term field studies coupled with laboratory and genomic analyses is a major contribution both to malaria research and to evolutionary study of drug resistance in the field.
